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NATIONAL. ADVISORY COMMITTEE FOR AERONAJTICS

TECHNTICAL NOTE NO. 1094

EXPERIMENTAL DETERMINATICON OF THE EFFICTS OF DIHEDRAL,
VERTICAL-TAIL AREA, AYD LIFT CCEFFICIZNT 0 LATIRAL
STABILITY AND COWTROL CHARACTERISTICS

By Marlon 0. McKinney, Jr.

SUMMARY

The effects of wile veriations of dihedral, verticsle

tall ares, and 1lift coefficient on lateral stasbllity and
control and on general flying characteristics hkave been

determined by flisht tests of a model in the Langley T
free~flight tunnel. In order to vary the effective dihew

dral and directlional stabllity of the model the te0=-
metric dihedral angle was varied from =20° to 18° ana

the vertical-tall ares, from 0 to 25 psrcent of the wing -

area. The tests were made over a range of 1lift coeffi-
cient from 0.5 to 1.8.

The best general flistht behavior was obtainei whan
the effective dihedral esngle was small (a DPOXe
Increasing the effectlve dihedral above 2 caused he
flying chsracteristics 5o become worse becsuss of the
reduction In oscillatory stability and the increased
effect of aiverss yawing due to rollinz and aile"Oﬂs.

As the sffsctive dihedrsl was decreased to -15 Ehie
model became Iincrsasiagly 1ifficult to fly becausc of an
Increasing rate of swpiral divergencs, Increasin. the
directional stability improved the general- fiiﬁht char-
acteristics by Increasing the oscillatory stability and
reducing the ailverse yawing for pOSitiVG_focbthG dihege
dral angles and by reducing the sideslippingz and spiral
Instebility for negative effective dihedral angles.
Increasing the 1ift cosificlent hed e slightly detri-
mental effect on general fllght behavior, narticuTarly
for low values of directional stability. -

It 1s belisved that the results of the tests can be
Interpreted to landicate thest en airplane with a wing
loading less than 35 pounds per square foot and with

e
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rolling snd yawing radil of gyretion not exceeding 0.2

and .0.% of the wing span, respectively, will have the -
best general flying characteristics 1f the effective
dihédral 1s greater than zero but not so great that the
valus of the effective~dlhedral perameter ~CZB exceeds

one«h«lf the value of the dirsctlional-stsbllity
paramncter CnB providing ths value of Cns is grester

than 00,0020,
INTRODGCTIQN

Tests of modern military esirplanes havs indlcated
that large changes in effective dlhelral may occur over
the speed rangse of an airplane operating under various
power conditions. Thls change in effective dihedral may
cause an sirplsne that has a normal amgunt of positive
effective dihedrsl in the high~speed condition to heve
large ncgative effective dihedrel In a flaps-dowil, low-
speed, high-power condition (wavc-off or lsnding-approach
condition)s If an &ttempt 1s mads to satisfy the require-
ments of reference 1 that the slrplane have pdasitive
affective dihedral at all speeds, 1t m2y have sxcessive
posltive effective dihedrel in the high-spoed condition,
Hegatlve effective dihedral at low spgods and high posi-
tive effectlve dihedral et high speads are known to cause
poor flying chearacteristics. Unless the directional
stabllity 18 very high or some dsvices 1s employed that ...
wilill give the sirplans approximately the same effective
dlhedral at a2ll speeds and power condltions, however,
most highepowered slrplanes must havs poor flying char-
acteristics at one or the other of the extreme spced
conditlons or must incornorate some compromise that will
probably not provioe good flylng characterlstics Ct
either extrems cordition.

The data of references 2 to Il show the effect of
varlation of effective dihedral angle on the flying :
charscteristics. The range of dihedral angle covered in
these Investigatlions was rather small in comparlison with
the range of effective dihedrsl sngle that may bs encoun-
tered with modern, high-powored alrplanes. A comprehen=
sive investigation of the effects of effective dihedral,
directional stability, and 11ft coefficlent on latsral
stebility and control and on general flying charscter-
1stics has therefore besen conducted In the Langley
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free-fliéht tunnel. The objects of this lnvestigation
were to determine the optimum combinations of dihedral
and directional stabllity over a wide range of 1ift
coefficient and to provide data that would aid in the
selection of the proper dihedrsl anglss for airplanss
that must experlence large changes of effective dihedral
over the speed and power range. The results of the |

investigation are presented herein. Soms of these results

(negative dihedrsl at high 1ift coefficients) are reported
in reference 5.

The present investigation consisted in power-off
flight tests of a wmodesl on which changes in effective
dihedral were obtained by varying the geometric dihe-
drsl angle. The tests wers made over a range of geo-
metric dilhedrsl angle from -20° to 18° for vertical-tail
aress from 0 to 325 percent of the wing area and for 1ift
coefficients of 0.5 and 1.0 with flaps up and 1.0, 1. L,
and 1.8 with flaps down. Sufficient combinations of
dihedral angle and vertical-tall area were tvested at
each of the 1ift cosfflicients to Jdetermxine the effect of
dihedral, vertical-tall ersa, snd 1lift coefficient on
latersl stab?lity and control and general flying chsarac-
teristics over the range of the variables.

The results of the flight tests of the nodel are
presented in the form of quelitative ratings of the
spilral stability, oscillletory stabllity, and gensral
flicht behavior of the model for each test condltion.
From these qualitative flight ratlings the rznge of bood
flight behavior was established. :

SYMBOLS

T™e forces and moments are referred to the stabllity
axes, which are 3efined as an orthogonal system of axes
intersecting at the center of gravity 1in which the Z-axis
is in the plane of symmetry and psrpendiculsr to the
relstive wind, tho X-a2xis 1is In the plane of symmstry
and perpendicular to the Z-a2xis, and the Y-exis 1s per-
pendiculir to the plane of symmetry. - A disgram of these
axes showing the positive directlion of forces end moments
is presonted as figure 1.

The symbols and cosfficients used in thv present
report are defined as follows:
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mass of model, slugs

wing area, sqguare feet

-~vertical-tall area, square feet

wing span, feet

free~stream velocity, feet per second

dynamic pressure, pnunds per square foot (%nv2>

time to damp to one-hall amplitude, seconds; nega-
tive values indicate time ta increase to double
amplitude : =

period of latersal oscillation, seconds

radius of gyrsation of model about longitudinal
axis, feet . - -

radius of gyration of model about vertical ax1s,
feot

Routht!s discriminant

coefficlents in stability guartlc eyuation, given
in refersnce 6 - -

roots of stability quartic equation

vawing angular velocilty, radlians per second
rolling angulsar veloclty, radians per second
mass density of alr, slugs per cublic foot

angle of sideslip, degrees except where otherwise
specifiled

flight-path angle, degrees; positive for climb

geometric dihedrsal angle of mean-thickness line,
degrees

airplane relative-density factor <—gﬁ>
o



NACA TN No. 109l 5

T time-~-conversion factor (
pSV,
Cr,  1ift coefficient (Eﬁgi)

Cvy lateral-force coefficlent (Lateraésforca>

Gy rolling-moment coefficlent (Rollirgsﬂorent
aso
. - vVawing moment
Cn vawing-moment coefficient < G5B

CY‘3 rate of change of lateral-force coefficient with
angle of sideslip, per radian <5CY/6ﬁ

rate of change of rolling-moment coefficient with
P angle of sldeslip, per degree except where

otherwise specified (0C;/2B

Gnﬁ rate of change of yawlng-moment coefficient with
angle of sideslip, per degree except where
otherwise specified (dCn/dB

CZp rate of change of rolling-moment coefficienf with

rolling-angular-velocity factor <écz/ég%>

Cy rate of change of rolling-moment coefficient with
yawing-angular-veloclty factor <60L/6£%

Cnp rate of change of yawing-moment coefficient with
rolling-angular-velocity factor <écn/b§%>
Cnr rate ol change of yawing-moment.coéffioient with

yawing-angular-velocity factor <5Cn/é§%
APPARATUS AND MODEL

The investigation was conducted in the Langley free-
flight tunnel, which is equipped for testing free-f£lying
dynemic airplane models. A complete description of the
tunnel and 1ts operation is given in reference 7. Force
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tests to determine the static lateral-stebility deriva-
tives of the model were made on the Langley free-flight-
tunnel six-component balance, which is déscribed in
reference 8. Thils balance rotates in yaw so that—all
forces and moments are measured with respect to the sta-
bility axes. Free-oscillation tests were made to deter-
mine the rotary-damping derivative Cnr by the method

descrlbed in reference 9.

The control used on .free-flight-tunnel models 1s a
"rlicker® (full-on or full-off) system. During any one
particular flight the control deflections in the full-on
position are constant and the amount of control applled
to the model is regulated by the length of time the con-
trols are held on rather than by the magnitude of the
deflections used. _

A three-view drawing of the model used in the tests
is shown as figure 2.and a photograph of the model 1is
presented as figure 3. Flgure ly is a photograph of the
model, with flaps down and & geometric dihedral of -159,
flying in the test sectlon of the tunnel. Although the
model used in the tests was not & scale model of any
particular airplane, it approximately represented a

fs—scale model of any conventional fighter alrplane.

The model was equlpped with a duplex flap arrange-
ment in order to obtain high 1ift coefficients. These
flaps consisted of a llO-percent-chord double slotted
flap lncated inboard over L0 percerit of the semispan and
a 20~percent-chord balanced split flap located outboard
over percent of the semispan. The front- and rear
parts of the double slotted flap were deflected 3Q° and
700, respectively, with respect to the wing chord line.
The balanced split flap was deflected L0OO with 1its
leading edge located 0.05 wing chord below the lower .
surface of the wing and 0.10 wing chord ghead of the
tralling edge of the wing. -

As previously mentioned, the effective dlhedral was
changed by altering the geometric dihedral angle of the
wing, as indlicated in figure 2. Four geometrically
similar vertical taills and two end-plate vertical taills
were used on the model to produce changes in directional
stability. -
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The relative-density factor and radil of gyration
for the model varied during the test program between the
following limits:

y, . L e . L3 - . . ” L] . . L4 . * L] * L] L] - L] 8.10 to 8.22
kx/b . . s . . . o e . . . -‘ . 3 - . » . Ocl6l to O.Idl
Kz/D o ¢ s o & o o e e v e« o4 e s . . 0.241 to 0.290

The data presentéd in references l, 5, and 10 indicate
that changes- in weight and moment of inertia of the
magnltude invelved in the "present Investigation would
make no pronounced difference in the stability or flying
characteristics of the model.

TESTS

Scope of Tests

Flight tests of the model were made with the combi-
nations of dihedrsl angle and vertical-tail area and at
the 1ift coefficient shown in table I. The values of
CZ@ and Cng corresponding to the various configursa-

tions tested are shown in figurses 5 and 6. These data
show that the fests covered a range of ng from 0.0032

to -0. OOhE (-16° to 21° effective dihedral) and a range
of Cpg from O to O. 0066. This range is considered -

representative of present limits for airplanes as shown
by the data given in figure 7. These data show that
three high-powered airplanes over their speed ranges fall
within the rsenge of values covered By the present testis,
except at extremely high 1ift coefficients, _

Testing Procedure

The model was flown et each test condition by means
of allerons almne and allerons coupled with rudder. The
rudder ‘travels used were selected by visual observation
of flight tests as the amount necessary to eliminate the
vawing due to aileron deflectlion and rolling. For tests
in which the rudder control was crossed (left rudder
applied with right aileron and right rudder applied with
left aileron), the rudder travel used was the same as
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that used for coordlnated rudder and aileron control at
the same test condition. For the tail-off condition the
aillerons were rigged up 12° in order to eliminate the
adverse yawing due to alleron deflection. The stability
and general flying characteristics of the model_were
noted by the pilot from visual observation and each
test condltion was asslgned graduated ratings for spiral
stability, oscillatory stability, and general flight-
behavior. Motion-plcture records for later study were
made to supplement the pilot!s observations.

The spiral stability of the model was determined by
the pilot from the rate at which the model, with controls
fixed, sideslipped snd rolled from level flight. An
increasing rate of rqlling and inward sideslip was judged
as spiral instability.

The general oscillatory-stabllity characteristics
were judged by the pllot from the damping of the lateral
oscillations of the model after a disturbance. A model
could never be allowed to fly with controls fixed for
sufficlent time to sllow measurement of the perlod and
damping from the motion-plcture records.

The general flight=behavior ratings are based on the
over-all flying characteristics of the model. The ratlngs
indicate the ease with which the model can be flown, both
for straight and léevel flight and for performance of the
mild maneuvers possible in the Langley free-flight tunnel.
Any abnormal characteristics of the model are generally
Judged as unsatisfactory general flight behavior, inas-
much as they are disconcerting to tlmmfree-flight-tunnel
pllots. 1In effect, then, the general flight-behavior
ratings are much the same as the pllot's opinion of an
airplane and indicate whether stability and controlla-
bility are properly proportioned.

CALCULATIONS

Boundaries for neutral spiral stability (E = 0),
neutral oscillatory stabllity (R = 0), and neutral
directional stability (D = 0) were calculated over the
test range by means of the stablllty equations of ref-
erence 6 and are shown in Tigures 8 to 12,
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Lines of constant damping of the spiral mode were
also calculated for the model by determining the root of
the stability quartic A that would give the desired
value of damping by the following formula (reference 6):

s = =0.693T -
T

and determining various values of CZE and CnB that

would give this root A by substitution of the root in
the stabllity quartic. The calculated lines of constant
damping are shown in figures 8 to 12. o

Lines of constant period and damping of the oscil-
latory mode were calculated from the following approxi-
mate relations given iIn reference 6:

p = 20T _ — o

VD/B

and

___ -0.693T - P
LfC D _ E{)
2\B 3 D

The calculated lines of conastant period . and damping of.
the lateral oscillation are shown in figures 8 to iz,

Values of the static-lateral-stebility deriva-
tive CY6 and the variation of CYB wlth CnB used in
the calculatlons were determined from forcs tests of the.
model. As was previously mentioned, the values of the
rotary derivative Cp,, were obtained from free-oscillation
tests of the model by the method described in reference 9.
The other rotary derivatives (3., OCpn_., and Cip were
estimated from the charts of reference 11 and the formulas
of reference 12. The values of the mass characteristics m,
ky, &and kp were measured for the model. Values of the
stability derivatives used in the calculations are given
in table TIT. e
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RESULTS AND DISCUSSION

The varlations of effective-dihedral parameter CL‘,3

and directional-stabllity parameter c:n{5 were obtalned

in the present investigation by changzing the geometric
dihedral angle and the vertical-tall area. Flying char-
acteristics, however, depend on’ the values of the sta-
bility derivatives, not on the method by which they are
obtained, hence, the flying characteristics of the model
may be applied to conditions in which changes 1ln the
stability derivatlves were obtained by some other means,
such as power.

The principal results of the present investigation
are given.in figures 8 to 1l i1n the form of ratings of
the general flight behavior of the model. All flight
ratings not in varentheses were obtalnsd with a total
aileron deflection of 30°; thoes in par<ntheses were
obtained with a total aileron deflectlion of 50°. The
maximum values of pb/2V correspondlng to asileron deflec-
tions of 30©. and 50° were determined to be about 0.08
and 0.12, respectively, from roll-offs st a geometric
dihedral angle of 0°, with the vertical tail having
S
?; = 0.15 and with coordinated rudder. These values of

pb/2V were approximately constant over the range of
lift coefficient covered 1n the tests.

The results of the tests are belleved tou be directly
applicable to airplanes having moderate wiling loadings
(epprox. 35 1b/sq ft or less) and rolllng and yawing
radil of gyreation not excesding 0.2 and 0.3 of the wing
span, respectively. .

Spirsl Stabllity

In general, the tests showed that reducing the
effective dihedral or increasing the 1ift coefflicient
caused &a reduction in spiral stability. The changes in
spiral stability over most of the range tested were
slight, although the spiral divergences were rapid enou
at large negative effective dlhedrsl angles (—CLB< -0.002

and high 1ift coefficlents (Op > 1.0) to bs ‘considered
dangerous. _ o
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These results are in qualitative agreement with the
calculated splral-stability characteristics of the model
presented in figures 8§ to 12 as lines of constant damping
af the spirel mode. These theoretical results, like
the test results, show that reducing the effective-
dihedral parameter —CZB or increasing the 1ift coeffi-

cient caused an increase in the time for the spiral mode
to damp to one-half amplitude or &a decrease in the time
to increase to double amplitude over the range of condi-
tiong tested. Similarly, the theoreticsal and experi-
mental results show that lncreasing the directlonal-
stabillity parameter CnB caused & slight reduction in

spiral stability for positive sffeotive dlhedral angles
and a slight increase in spiral stability for negative
effective dihedral angles with very little effect of
‘varying the directional stebllity for effective dihedral
angles near zero.

No quantitative check of theory with tests could be
obtained inasmuch as a splral givergence could not be
allowed to develop far enough in the confines of the
tunnel to permlt measurement of the rate of spiral con-
vergence. A reasonably good check of the calculated
spiral-stability boundary (E = 0) was obtained, how-
ever, when the nature of flight in the free-flight tunnel
is considered. Very low rates of spiral stability cannot
be detected in the tunnel because the model cannot be
allowed to fly wilthout application of controls in the
rather gusty alr of the tunnel for sufficient time to
g8llow low rates of splral divergence to be detected.

Oscillatory Stebility

Accurate quantitative measurements of the damping
could not be obhtained for all conditions. The results
are therefore presented in the form of qualitative ratings
for damping at each test condition. The approximate
quantitative equivalents of these ratings are:
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Rating | Qqualitative rsating Approximate quantiteative

equivalent

A Stable Damps to one-hsalf amplltude
in less than 2 cycles

B Slightly stable . | Damps to one-haif amplltude
in more than 2 cycles

C Neutral Zero damplng

D Slightly unstable | Bullds up toc double amplitude
in more than 1 cycle

B Dengerously Builds up to double amplitude

unstable In lesg than 1 cycle

The ratings in figures 8 to 12 show that, although
Increasling the 1ift coefficisnt reduced the oscillatory
stability for virtually all model configurations having
positive effective dihedral, the magnitude of tire reduc-
tion varisd for the different combinations of effective
dihedral and directlonal stability. 1In genersal, the
effects of 11ft coefficient on the oscillatary damping
were more pronounced with high effective dilhedral and
low directional stabllity. This varlatlion in the magni-
tude of lift~coefficlent efrfacts was 1n good agreement
with the variation shown by the shifting of the theo-
retical asclillatory-stability boundaries and lines of—-
constant demping shown in figures 8 to 12.

A comparison of the theoretical aescillatory-stability
boundaries (R = 0, T =) in figures 8§ to 12 with the
ratings for damping of the oscillation obtained in flight
tests of the model indlcates good agreement between ' )
theoretical and test results for the part of the—boundary
within_the poslitive dihedral rsnze. Detection of a
lateral oscillation is difficult when the splral insta-
bility is great. Apparently, however, the part of the
nscillatory~stability boundary within the negative dihe-
dral renge had no significance or was in error inasmuch
ag no lateral oscillation could be detected at test con-
ditlions near the boundary.
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Lateral Control

Increasing the effective dihedral caused & reduc-
tion in the effectiveness of the ailerons for roll-offs
from a zero-bank conditlon and an increese 1ln the effec-
tiveness of the asilerons for recoveries because of the
sideslips involved in these maneuvers when the controls
were coordinsated in a normal manner. No measurementa of
thils effect of dihedral on rolling veloclty were made
but the pllott!'s comments indicated that recoveries were
more rapid than roll-offs at large posltive effective
dihedral angles, whersas the roll-offs were much more
rapid than recoveries at all negutive effective dihedral
angles. Roll-offs and recoveries appeared to be equally
rapid at small or moderate positive effective dihedral
angles. The over-all effect of dihedral on lateral con-
trol was adverse inssmuch as the slow recoveries at the
negative dilhedral angles were objectionable when the
pilot attempted teo prevent the model from falling off .
into & spiral and the slow roll-offs at high positive
dihedral were objectionable for meneuvering. ;

Use of only ailerons for lateral control caused the .
flying charsgcteristics at large positive dikedral angles
to become worse as may be seen from a comparison of the
general flight-behavior ratings of figures 13 and 1l with
those of figures 8 to 12. The adverse yawing in aileron.
rolls caused an apprecigdble reduction in the rolling
velocitlies in roll-offs, which the pillots considered
objectionable. At negative effective dihedral angles,
however, use of ailerons alone caused the rolling
veloclties In recoveries to be slightly more rapid than
if voth ailerons and rudder were used. Much of this .
favorable effect of adverse yawing was lost, however, '
inasmuch as the pillots considered the yawing metion
objsctionable. The differences between the rolling
response of the model when controllsd by ailerons alone
or by aillerons and rudder were, of course, increased at
higher values of 1lift coefficient, which caused an increase
in the adverse yawing. The effect of use of ailerons
alone for control with flaps deflected might be expected
to be gresater for most airplanes than was indicated by
the present tests inasmuch ss the ailerons used on the
model give less &adverse yawing moment -th:an the types of
alleron genersally used on full-scale airplanes.

Control by means of rudder alone was generally
fairly good for test configurations hsaving an effectlive
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dihedral angle greater than 10°© (’—CLﬁ > 0.002). When

the effective dihedral angle was less than 10° but
greater than 0°, 1t was possible to plck up a low wing
by meens of rudder alone although control by rudder alonse
was -not satisfactory.

General Flight—Behavlor

The results of the tests are best summarized by the
general flight-behsvior ratings. Splral stabllity,
oscillatory stability, and controllability are all con-
sidered desirable but a proper halance of these [actors,
with consideration of thelr relative Importance, 1is
necessary to give satisfactory flying characteristics.

The general flight-behavior ratings, for which the over-
&ll flying characteristics have been considered, are

' therefore thought to be the most signifiicant results of
the tests. :

Effect of dihedral.- The general effect of varlatios

of effective dihedral on the general flight behavior is
evident from the ratings of figures 8 to 1l;. Incresasing
or decreasing the effective dihedrgal frcm a moderate
positive valus E-CZB = 9 to O.QOl> caused the general

flight behavior to become” worse, particularly when the
directional stabillty was low. The csauses of the unde-
sirable general flight behavior in both the positlve and
negative effectlve dihedral ranges were quite different.

The oscillatory stability seemed to be the predomi-
nant factor affecting the general flight behavior within
the range of positive effective dihedral. This conclu-
sion is fairly well borne out by the general flight-
behavior ratings of figures 8 to 1li. These ratings show
that the boundary regions of goaed, falr, or poor general
flight behavior are roughly similar ln shape to the
ogscillatory-stability boundary and lines of constant
damping of ths oscillatory mode,; whereas these ratlngs
In the spirally unstable regions show no pronounced
adverse effect of spireal instabllity For posltive
effective-dihedral reglons.

Oscilllatorily unstable confilgurations were generally
considered to have poor general flight behavior although
the model was never so oscillatorily unstable as to be
unflyable when the dlrectional stability was positive.
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The oscillatory=~stability charactsristlcs, however,
were not the only facters affecting the general flight
benavior in the positive elfectivp-dlhedral rogion.
Increasing the eilfective dihedrel angle caused the flving

characteristicg to beconte worss becaase of the abrupt
rolling end lateral oscillations that followeld each gmust
disturbance in the normally rough air of the tunnel end
because of the adverse effects of high dihedral angles

cn the lateral control. The rolling oscillations
resulting from zusts were particularly cbjectionable at
hizh airspseds, whereas the control characteristics were
the more predominant cavse of the poor flying uaarauter~_
istics at low apeeds,

The rate of spiral divergence for the test condi-
tions at which Ttihwe model had positive effective dikedral
was observed to be snall for the ranze of 1ift coeffi-
cient covered in the present investigation, and the
controls-rixed lateral motion was characterized by a
slow gentle rall-off and sideslip from thes steady state.
The divergence could be controlled readily by occdsidnal
appl1catlon of a total aileron deflection of 30°, Under
these conditions, tne model was as casy to fly as if 1t
had been spirally stable and becauss of the gusty air in
the tumnel did not seem to require nore frequent control
than if it had been slightly spiraily stables - S

Within the negative sfiective=~dihedral range, how=-
ever, the spiral stability was tic predominant factor
affecting the general £light behavior, and the effects of
the oscillatory stability weore uardlv discerniblc,

At small values of negative eflettive dihedral,
£li:ht characteristics wers not muech worse than thosse ]
at small values of positive efftctive dihedral’ and the
slow spiral divergences were readily controllad by appli-
cation of the alleron and rudder controls. Thne rate of
spiral divbrgonce, howcver, was found to becoms incrcas-
ingly rapid with negabive flecnlve dihedral until, at
an effcctive dlhvdral of about ~15°, the drvergence was
quite violent for 1ift coef1L01unns of 1,0 and ovor. - As
i the case of small positive eflfectivae dihcdral tho
motions woere characterized by & rolleolfl and.sidesllb
srom steady flight. As the neﬂat v elffective dihedral
was increascd, the rats of splral divergence incrceased
until, for the largest_ncwﬂclve dihedral angles, the
motion appeared to be as rapid as a fast aileron roll,
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The controls had to be applied almost immedlately &after
the divergence was noticed because, when there was only
a slight lag in the application of corrective control
following a disturbance, the unstable moments resulting
from spiral instabilllty became sufficiently large to
overpower the moments of the controls so that return to
straight flight was impossible.

It was generally found impossible to fly the model
with negative effective dihedral angles greater than
about -10° <—CZB x ~o.002> with a total aileron deflec-

tion of 30°., The rate of spiral divergence apparently
had become great enough by the time the pillot applied
opposalte control to make recovery impossible., ' Alleron
application retarded but dlid not stop the divergence.

In order to obtain date for the whole test range,
the total aileron deflection was increased from 309 to
50° for almost all test conditions for .which
_CZB < -0.,002. It wazs therefore possible to control the

spiral divergence over the complete range of negative
dihedral angle. Flight was difficult, however, when
-CZB < -0.002, because constant attention to the con-

trols was required.
The largest negative effective dihedral angles
-Czﬁ ~ -0.003 seemed to be the maximum for which the

model could be flown with & total alleron deflection
of 509, inasmuch as even slight delays in applying

lateral control allowed the model to continue to diverge.

Many crashes, therefore, occurred during the tests at
values of ‘Clg of about -0.003.

The model was found to be unflyable at low 1ift
coefficients Cr, = 0.5 with large negative effective

dihedral angles and low directional stabillity. Such a
condition is probably only of academic interest inmsw
much as theory indlcates that the spiral instebility 1is
not so great as for some condilitions at which the model
has been flown at higher lift—coefficients; however, the
cause of the bad flying characterlstics seems to be
worth mentioning. The tests agreed with theory in that
the spirel instability was not so great at low 1lift
coefficients as at higher 1ift coefficients. The yaw
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of the model due to gust disturbances appeared to be the
cause of the trouble. When the model yawed arocund due
to a gust disturbance the leading wing dropped very
rapidly, because of the high airspeed, and the roll had
developed sc far by the time the controls were applied
that no recovery was possible. '

The general flight-behavior ratings in figures 8§
to 12 were given when the rudder was coordinated with

the ailerons in the normel manner (right rudder with o

-right ailersan). The flight tests, however, showed that
when the ailerons &lone were ussd or even when the rudder
control was crossed the flying characteristics of the
model were improved throughout the negative dihedral

range and the model was slightly easier to fly. This
improvement evidently occurred because the sideslip
resulting from adverse yawlng opposed the inward angle

of sideslip caused by the splral divergence and, in spite
of the adverse effect of rolling due to yawing, reduced
the rolling divergence. This reduction of inward side-
slip improved the response to the controls. The large
amplitude of the yawing motions caused by crossing the
rudder control, however, was objectionable to the free-
flight-tunnel pilots. Application of opposite rudder

wilith ailerons would probably be objsctionable to the
pilot of an airplane because it is an unnatural motion
and would ceuse a loss of gltitude. In & crucial moment,
the pilot would probably react by applying coordinated
rudder and alleron control rather than thinking to apply
rudder opposite to the ailsrons. A& pilot might, however,
be trained to apply no rudder with aileron contrel when
flylng an airpisne in conditions that are known to give
negative dihedral effect. Thus improvement in the con-
trol response for recovery may be obtained.

The wave-off, take-off, and landing-approach condi-
tions are belleved to be dangerous for airplanes that
have large negative effective dikedrsl because, when
these conditlions are encountered, there is only a
limited altitude in which to apply corrective control.
Flight with as much negative affectlive dihedral as wads
encountered 1n the present tests should be possible if
the airplane ailerons are as powerful as those of the

model tested and careful attention is given to controlling
the airplane. Flight with greater negative effective
dihedral angles than were encountered in the present

tests might be possible inasmuch ‘as the rate of diver-
gence of the airplane would be +/N times as fast as
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that of the model, where N 1is the scale of the model

as 1/10, 1/15, and so forth. No -information is available,
however, concerning the relative reactlon time and the
time to deflect the .controls for free-flight and alrplane
pilots. Because no correlation has bheen made of time to
damp with the boundaries of the region in which flight 1s
impossible in the Langley free-flight tunnel, an exten-
gion of the results to more negatlve dikedral angles 1s
difficult. Inasmuch as the rate of _spiral divergence of
full-scale airplanes 13 slower than that of the model,
however, it 1s believed that the amount of negative effec-
tive dihedral that would constitute a dangerous condition
would be greater for airplanes than for the model.

The results of the tests have been summarized in
figure 15 as boundaries of the region within which good
general flight behavior of the model was obtalned. These
results, as shown in figure 15, are believed to be
directly applicable tao airplanes having mass character~’
istics similar to the model. This criterion, hewever,
should be modified to take into consldersatlon differences
in the mass characteristics of airplanes from tliose of
the model. The data of.references 3, L, and 10 may be
used to interpret the present data for the effects of
wing loading, altltude, and mass dilstribution. The
results of the present tests may be applied directly to
alrplanes having moderate wing loadings and radii of
gyration to indicate that the effective dlhedral should
be greater than 0° and that the ratio of ~Oys te Cng

should not exceed 1/2. The data of references 3, L,
and 10 considered together with the present data indicate:
that airplanes having high wing loadings and/or high
radii of gyration should have an éffective dihedrsl angle
greater than 0° and that the ratic of ~C1g to Cnpg

should not exceed 1/l.

Effect of directional stability.- Increasing the
directional stability improved the general flight behavior
of the model over the range of dihedral angle and 1ift
coefficlent tested, as shown in figures & to 1l.

The tests showed that for the range of small posi-
tive effective dihedral angles, adequate directional
stabllity was more desirable than the slightly lower
rete of spiral divergence associated with lewer direc-
tlonal steability, because excessive yawing was encountered
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with low directidnal stabillity. The rates of spiral
divergencte within the positive effective dihedral rangs
were, as previously discussed, quite slow even with a
high degree of directional stability. T

For higher positive values of effective dihedral,
at which the oscillatory stablility is an important
factor affecting the general flight behavior, increasing
the directional stability caused a great improvement in
the general flight behavior by lncreasing the oscilllatory
stability as well as reducing the rolling and yawing due
to gusts and improving the control characteristics as was
previously dlscussed. The detrimental effect on genersl
flight behavior of the slight decrease in spiral stability
with increasing directional stability was thus heavily
overbalanced by the improvement of the oscillatory char-
acteristics and lateral centrol,

When the effective dihedral was negative, lncreasing
the directional stability caused a slight reduction in
the spiral Iinstability as well as a reduction in the
yawing due to gusts and aileron control and resulted in
an improvement in the general flight behavior.

The motions of the model with talls off, geometric
dihedral angle of -20°, and at 1ift coefficients of 1.l
and 1.8 appeared to be directional divergences. Imme-
diately after taking off, the model commenced a diver- .
gence 1ln yaw that was followed by rolling in the opposite
direction caused by the negative dihedral. No other
indications of directional divergence were observed in
the tests with tails off although several tests were
made &at values of Ci. 8and Cp that were below the

directional divergence boundary. o T

The minimum values of the directional-stability
parameter Cp, required to obtain grod general flight

characteristlics are shown in figure 15 for the range of
values of 1lift coefficlent and effective-dihedral
parameter covered in the present tests. If an airplene
has the optimum value of effective dihedral and can
attaln a maximum 1ift coefficient of about 1.8, and if
the critical control condition is considered to be con-
trol by allerons alone, figure 15 shows that a value of
Cn‘3 > 0.002 1is required to obtain good general flight

behavior.
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Effect of 1ift coefficlent.- Figure 16 was prepared
by interpolation from figures 8 to 12 to show the effects
of 1ift coefficient on the general flight tehavior inas-
much as the effect of 1irt coefficlent was slight and
could not readily be ascertained from an inspection of
the separate figures. Figure 16 shows that increasing
the 1ift cosfficlent caused the gensral flight-behavior
of the model to become slightly worse for the range of
effective dihedral angle presented except for the con-
dition of negative effective dlhedral and low directlonal
stability, which has previously been discussed. The
effect of 1ift coefficlent was slightly greater at low
values of the directionai-stability parameter Cng. The

en

detrimental effect of increasling the 1lift coeffic t

was greater when the allerons were used as the sole means
of control, as may be determined from figures 1% to 16,
because of the 1ncrease in adverse yawing due to rolling
and ailerons at the higher 1ift coefficients.

CONCLUSIONS

Tests were made in the Langley free-flight tunnel to
determine the effects of effective dihedral, vertlcal-tall
area, and lift coefficlent on the lateral stabllity and
contral and general flylng characteristics of a free-
flying dynemic model. The following conclusions are
believed to be directly appllicable to airplanes having
moderate wing loadings (approx. 35 1b/sq ft or less) and’
rolling and yawing radii of gyration not exceeding 0.2
and 0.3 of the wing span, respectively:

1. In order to obtain the best flying character-
istics over the range of 1ift coefficlient tested the
following condltions should be- satisfied:

(a) The effective dihedral parameter Cz,‘5 should
be positive (—CZB > O>.

(b) The directional-stability parameter Cnp should
be greater than 0.002,

(¢c) The ratio —Czﬁ/cng should be less than 1/2.
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These criterions are belisved to be applicable to air-
planes having mass characteristics similar to those of
the model tested.

2. The model was found to be flysble over the range
of positive effective dihedral angle tested, provlided it
was directionally stable. As the effective dihedral was
increased from an optlmum value of &pproximately 2°, —_—
however, the flying characteristics bscame worse and
more critically dependent upon the use of the correct
amounit of rudder control in conjunction with the ailerons.
At high speeds the use of large rudder travels caused
unnaturally r&apid rolling, and at low speeds the use of
too little rudder caused serious adverse yawing with
accompanying reduction in rolling. '

5. The mcdel was found to be flyable for effective
dihedral angles as low as -15° for 1ift coefficients of _ __
1.0 or greater. As the effective dihedral was decreased
from 0° to -15°, however, the model became increasingly
"difficult to fly. With &an effective dihedral of -159 o
(‘Clﬁ'< 0.00?) the flying charscteristics were considered

to be dangercus because when there was only a slight lag
in the epplication of corrective control following a
disturbance, the unstable moments resulting from spiral
Instabillty became sufficiently large to overpower the
moments of the controls so that return to straight flight
was 1mposslble. Inasmuch as full-scele airplanes because
of their greater size will diverge at a slower rate than
free-flight-tunnel models, the amount of negative effec-
tive dihedrsl that would constitute a dangerous condi-
tion 1s expected to be greater for full-scale airplanes.

4. Increasing the directlonal stability improved
the general flight behavior over the entire dihedral
range in splte of reduction in spiral stabillity with
increasing directional stability within the positive
effective dihedrsal range.

5. Increesing the 1ift coefficient had a slightly
detrimental effect on the general flight behavior, par-
ticularly when the ailerons wesre used as the smle lateral
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control because the adverse yawlng dus to rolling and
ailerons was increesed by an increase in 1ift coefficlent.

Langley Memorial Aeronsutical Laboratory
National Advisory Commlttee Tor Aeronautics
Langley Field, Va., January 108, 1946
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Figure 3.,- Three-quarter front view of the variable-dihedral
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Figure 13 .— General flight-behavior ratings for the model.
Control by aierons alone;: flaps up.
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Figure 14.— General flight-beravior ratings for the model. Control

by ailerons alone ; flaps down.
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